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Studies of the aerobic oxidation of a
simulated dairy waste (0.10 per cent
skim milk solids) in a continuous flow
system showed that one-half the soluble
solids was rapidly converted to cell
substance and the remainder was oxi-
dized completely to carbon dioxide and
water (6). These results were obtained
by determination of the amount and
composition of milk waste introduced
and of the resulting soluble products
and insoluble cell residue. This paper
reports a manometric study of the oxi-
dation of skim milk and its major
components, casein and lactose, by a
mixed culture from an activated sludge
plant successfully treating the waste
from a small market milk plant.

Application of manometric methods
in the study of waste disposal prob-
lems, especially the determination of
B.0.D., has been proposed by various
workers. . Wooldridge and Standfast
(14) (15) (16) made an excellent study
of the effect of temperature, pH, and
supersaturation of sludge with sewage
on the rate of oxidation. These workers
also established that carbon dioxide is
the only gas produced in this oxida-
tion; an essential condition for the
use of the simple manometric proce-
dures. = Caldwell and Langelier (1)
analyzed thoroughly the theory and
practice of the various manometric
techniques and proposed an adaptation
of the Warburg apparatus in which
the usual 15-ml. vessels are replaced
by 125-ml. flasks. They recommend its
use in routine determinations of B.0.D.

of trade wastes and in sewage research
studies. Dawson and Jenkins (3) re--
cently reported an extensive study of
oxygen requirements by activated
sludge in which the effects of a number
of variables were measured. These
papers should be consulted by workers
interested in the application of mano-
metric methods to a broad range of
sewage. problems.

The techniques required in the study
of bacterial and tissue respiration
have been well worked out, and the
standard Warburg apparatus is es-
pecially well suited for such research.
These procedures have been applied
just as they are described in standard
published methods (4)(13).

Experimental

Six liters of activated sludge were
placed in the 20-1. Humfeld aerator.
This culture was developed to 20 1. by
adding a solution containing 0.1 per
cent skim milk solids at a rate of 1.1 L.
per hr., and was maintained at that
volume by feeding continuously at this
rate and removing the effluent. The
temperature was 30° C. Other details
of the procedure have been described
previously (6). Manometric experi-
ments were initiated on the second day
and completed within three weeks. A
later series of experiments was con-
ducted on sludge within an hour of the
time it was obtained from the plant.
Control experiments showed that the
culture in the aerator retained its
oxidative efficiency for several hours
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without feeding and that the soluble
nutrients were low. Therefore, the
culture was not centrifuged and re-
suspended in the medium, but was
used directly in the Warburg vessels
with substrate added from the side arm.
In about an hour, the time required
to set up the experiment, the residual
nutrients were almost completely oxi-
dized. Oxygen demand was deter-
mined in the solutions by chemical oxy-
gen demand determination. The chem-
ical oxygen demand has been shown to
be essentially equal to the 20-day
B.0.D. on skim milk solids (11). In
all experiments, nitrogen was supplied
in excess as ammonium sulfate to com-
pensate for its absence in lactose.

Figure 1 shows the raté and amount

of oxidation of skim milk and of its
two principal components in the ap-
proximate proportion in which they ‘oc-
cur in skim milk. This experiment
was performed on the second day after
the culture was obtained. The similar
rate and extent.of oxidation of 0.50
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FIGURE 1.—Rate of oxidation of skim
milk, lactose, and casein by 1.0 ml of
sludge cultured in fermentor for 2 days.
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mg. lactose per ml. of culture and 0.35.
mg. of casein per ml. is a result ob-
tained repeatedly. The culture with-
out added nutrients had a low and
practically constant endogenous respi-
ration, oxidizing cell constituents for
maintenance energy. The rate of oxi-
dation in the vessels containing nu-
trients was high for a few hours, but
dropped to almost the rate of the con-

_trol in about 6 hr.

TABLE I.—Oxygen Utilization by Various

Nutrients
Nutrient Oxygen Utilization
N
Lactose 05 | 371 136 37
Casein 0.35 | 335 133 40
Skim milk powder | 1.0 | 780 | 250 32

The percentage of the oxygen theo-
retically * required for complete oxi-
dation was calculated from these data
(Table I). Oxidation of only 32 to 40
per cent for the three substrates can be
taken as indicating either partial oxi-
dation or assimilation (growth of the
cells). Because previous results showed
there were negligiblé quantities of oxi-
dizable substances left in the medium,

Theoretical factors for complete oxida-
tion of nutrients were calculated as follows:
Lactose:—Complete oxidation of one mole
requires 12 moles O, or 1.06 g. O, per gram
of lactose hydrate, 1.06 ug. O, = 0.742 uL. O,.
0.5 mg. or 500 ug.=371 uL. O,.

Casein:—Analysis of this sample gave:
C=>53.0 per cent; H=17.0 per cent; N=
15.7 per cent; and O =27.7 per cent. Com-
plete combustion of carbon and hydrogen, as-
suming N is converted to NH,, requires 1.48 g.
O, per gram of casein, or 1.035 uL. O, per ug.
casein. 350 ug. air dry casein (8 per cent
moisture) = 335 uL. O,.

Skim milk:—The sample used contained
36.3 per cent protein and 50.0 per cent lactose
anhydride. The remainder is primarily ash
and water. A calculation similar to the one
above gives the value of 0.780 uL. O, per ug.
air-dried skim milk. 1.0 mg. or 1,000 pg.=
780 pL. O,
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FIGURE 2.—Rate and extent of oxida-
tion of skim milk, lactose, and casein by
3 ml. of sludge cultured in fermentor for
7 days. Arrbws indicate when samples
were taken and analyzed for residual sub-
strate.

the second possibility was investigated.

A similar experiment (Figure 2)
was therefore run in which the 1 ml. of
culture per vessel was increased to 3
ml.,, with an acecompanying 3-fold in-
crease in added nutrients. After 6 hr.,
the measurements were stopped, and
the contents of the vessel chilled and
centrifuged cold. Residual substrate
and/or partial oxidation products in
the supernatant were determined by
chromie acid oxidation (chemical oxy-

gen demand) (11). The oxygen de-
mand was 92 p.p.m. in vessel 1, 60
p.p.m. in vessel 2, 96 p.p.m. in vessel 3,
and 72 p.p.m. in vessel 4. The culture
put into the vessels originally con-
tained 118 p.p.m. chemical oxygen de-
mand. The added nutrients, there-
fore, had been completely removed
from the solution. The calculated oxi-
dation was 43 per cent for lactose and
casein, and 37 per cent for skim milk,
slightly higher than in the previous ex-
periment. These results can only be
interpreted as evidence of assimilation
of the remaining 57 to 63 per cent of
the protein and carbohydrate into cell
tissue, an assimilation slightly higher
than the 50 per cent obtained in the
continuous flow experiments. The
energy for this growth process was
obtained from the portion of the sub-
strate oxidized.

Respiratory quotient (R.Q. = CO,/
O,) determinations made on the system
further confirm the idea that the sub-
strate is assimilated or oxidized com-
pletely. The results given in Table II
are preliminary, but they correspond
to a complete oxidation to CO, and wa-
ter, with an R.Q. of slightly higher
than 1.0 for lactose and skim milk and
close to 1.0 for casein. The theoretical
R.Q. for complete oxidation of lactose
is 1.00; for casein it is 0.96 if the oxi-
dation of carbon and hydrogen is com-
plete and nitrogen is assumed to be
produced as ammonia. The synthesis
of cell tissue would be expected to have
an R.Q. slightly greater than these

TABLE IL.—Rate of Oxidation and Respiratory Quotient of Activated Sludge Culture Obtained
May 31, 1950, and Maintained Aerobically in the Laboratory

Oxidation Quotient (xL./mg./hr.)t Respiratory Quotient (COs/O2)t
Date T
None Casein Lactose Skim Milk Casein Lactose Skim Milk

6- 2-50 7 62 60 106 —_ — —
6- 7-50 18 84 96 168 — —
6-20~50 - 116 90 183 1.00 1.03 1.03
6-21~50 — _— 114 —_ —_ 1.06 —_
6-22-50 —_— 111 96 —_— 1.00 1.03 —_—




theoretical values, for the cell tissue
which is synthesized has less oxygen in
it than the substrates. The difference
of about 0.05 is in agreement with this
expectation.

The data on rate of oxidation are
given in Table II as the oxidation
quotient, which is the puli. O, consumed
per mg. per hr. It is an absolute meas-
ure of the rate of oxidation of sub-
strate by a culture.

The culture under aerobic conditions
in the laboratory became more active,
as the oxidation quotient shows. The
relative rate of oxidation of lactose,
protein, and skim milk remained es-
sentially the same, despite the increase
in activity of the culture. These re-
sults indicated that the culture studied
in the laboratory was comparable in
physiological properties to the acti-
vated sludge in the waste disposal
plant. A specific experiment was run
to confirm this indication. Fresh
sludge was obtained from the plant,
and the experiment was repeated on it.
The results are given in Figure 3. It
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FIGURE 3.—Rate and extent of oxida-
tion of skim milk, lactose, and casein by
fresh sludge. Arrows indicate when sam-
ples were taken and analyzed for residual
substrate.

can be seen that the two sets of data
(Figures 2 and 3) are similar. The
soluble portion of the fresh sludge con-
tained 460 p.p.m. chemical oxygen
demand. Therefore, the vessels con-
taining no added nutrients had consid-

erable available substrate. The oxida-
tion quotient values were:
No added nutrients 12 pL./mg./hr.
Lactose 27 uL./mg./hr.
Casein 87 pL./mg./hr,
Skim milk 49 pL./mg./hr.

An analysis for residual chemical
oxygen demand was performed after 6
hr., as indicated by the arrows in Fig-
ure 3. The lactose and casein had been
completely removed and more than 90
per cent of the skim milk solids had
been oxidized. The oxidation, there-
fore, accounted for about 50 per cent
of the casein and lactose and 45 per
cent of the skim milk solids. Con-
versely, assimilation of 50 and 55 per
cent of the substrates into cell tissue
is indicated.

The activated sludge contained &
total chemical oxygen demand of 1,875
p.p.m., of which 1,415 p.p.m. were due
to suspended cells. A chemical oxygen
demand value can be converted to dry
weight by use of the appropriate fac-
tor; for bacterial cells, an empirical
factor of 1.25 g. O, per gram of dry
weight was found. The sludge, there-
fore, contained 1,130 p.p.m. cells, a
much higher value than that of about
400 to 500 p.p.m. maintained in the
aerator by feeding 1,000 p.p.m. milk
solids into it continuously. The data
on rate of oxidation of skim milk solids
on both a weight basis (oxidation quo-
tient) and a volume basis (uL. per ml
culture per hr.), were plotted (Figure
4) ; the more recent results were used
for the zero-day points and the data of
Table II for the 2-, 7-, and 20-day
points. Although there was almost a
four-fold increase in the rate of oxida-
tion on a weight basis, the culture
maintained under the conditions of the
experiment became more dilute, and
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FIGURE 4.—Rate of oxidation of skim milk solids by activated sludge. Left ordinate
calculated on weight of microbial cells present; right ordinate calculated on volume of

culture present.

the activity per milliliter; or,per cubic
foot, remained essentially constant.

Discussion

The data presented in this paper are
significant from twostandpoints. First,
the manometric determination of the
amount of oxygen consumed, combined
with the evidence from chemical oxy-
gen demand determinations on the
solution, proves that 60 per cent of the
organic matter is assimilated into cell
tissue and the remaining 40 per cent
is burned to carbon dioxide and water
to obtain energy for this assimilation.
Second, they illustrate the type of in-
formation that ean be obtained by
manometric determinations in waste
disposal studies. The absolute rate
and extent of oxidation, the respira-
tory quotient, utilization of various
oxidizable substances, requirements for
nitrogen, potassium, and other ele-
ments, effects of pH and toxie com-
pounds on the microorganisms, and
other biochemical characteristics of the

process can readily be measured. Fur-
ther use of manometric methods in
waste disposal studies is clearly in-
dicated.

The efficiency of assimilation of
about 60 per cent for the mixed culture
studied is comparable with previous
observations with baecteria and yeasts.
The results are in general agreement
with results of previous studies of the
growth of Rhizobium trifolit, a sym-
biotic legume nodule bacterium, which
grows readily on synthetic media if
fixed nitrogen is supplied. An effi-
ciency of 51.4 per cent was calculated
from analysis of the respiratory ‘quo-
tient; ‘determined values approached
this value closely (5).

An oxidative assimilation of two-
thirds of the carbon of carbohydrates
and an oxidation of one-third to CO,
has been observed in short-time experi-
ments with various mieroorganisms.
In 1946, Clifton (2) reviewed the sub-
jeet of microbial assimilation.

Utilization of organic substrates by



activated sludge was the subject of
an extensive study, which was sum-
marized by Placak and Ruchhoft (10).
B.O.D. and suspended solids determin-
ations were used to study the assimil-
ation of carbohydrates, proteins, or-
ganic acids, amino acids, and other
materials by activated sludge in 24 hr.,
with the following results:

Per Cent Oxidized &;vc«mtl
Class to Protoplasm
(Organized
Range | Mean Sludge)

Carbohydrates | 5to25] 13 | 65t085
Alcohol 24 to 38| 30 52 to 66
Amino acids 22 to 58| 42 32 to 68
Organic acids | 30 to 80| 50 10 to 60

Peptone, which should be compara-
ble with casein, was oxidized with an
oxygen consumption of about 50 per
cent of the theoretical value for com-
plete oxidation; an accompanying in-
crease in suspended solids accounted
for the other 50 per cent. Assimila-
tion of 80 per cent of the lactose fed
is indicated. Their data on other car-
bohydrates indicate that a nonoxida-
tive assimilation or true storage of car-
bohydrate occurred, because starch, for
example, was removed from the solu-
tion without an increase in oXygen con-
sumption. No nitrogen was supplied
in these experiments, and it is proba-
ble that oxidative assimilation of the
carbohydrates was prevented by lack
of nitrogen.

In the present experiments, ade-
quate nutrients were supplied for
growth, and, consequently, growth or
oxidative assimilation was the primary
process. Otherwise the present results
and those of the U. S. Public Health
group (10) are in excellent agreement.

The present results are also in agree-
ment with waste disposal studies of
Jenkins and Wilkinson (7). When
sufficient nitrogen was supplied, lactose
was assimilated by activated sludge,
with an increase in weight equal to 43

per cent of the added lactose. Lactose
removal was rapid under these condi-
tions. If nitrogen was limited, the
rate of lactose removal was compara-
tively slow, but assimilation of the
lactose produced an increase in sludge
solids equivalent to 39 per cent of the
added lactose.

In experimental aeration studies,
Trebler (12) has repeatedly obtained
B.0.D. reductions of about 50 per
cent, and McKee (9) has recently re-
ported a removal of 37 per cent in a
dairy waste aeration plant utilizing
no sludge separation or removal. The
results of all these investigations of
various types are consistent. They in-
dicate a rapid assimilation of dairy
waste by activated sludge; about 50
per cent of the waste is oxidized so that
the remaining 50 per cent can be as-
similated into cell tissue.

The rate of this oxidation is of great
importance in plant practice. Johnson
(8), for example, reported a complete
absence of dissolved oxygen during
the periqd when dairy waste contain-
ing 500 to 1,000 p.p.m. B.0.D. was
being fed rapidly into an aeration
tank. Any continued period of ana-
erobic conditions can be expected to
result in acid production, with a conse-
quent fall in pH and lessened activity
of the sludge. This situation would
be especially serious in a municipal
sewage plant designed for the more
dilute domestic waste.

Summary

The rate and extent of oxidation of
skim milk, casein, and lactose by acti-
vated sludge were determined by mano-
metric and chemical analysis. Acti-
vated sludge was successfully cultured
in the laboratory without alteration of
its physiological characteristics. Skim
milk at a concentration of 1,000 p.p.m.
was completely removed from the solu-
tion in 6 hr.; 60 per cent was assimi-
lated into cell tissue and 40 per cent
was oxidized completely to carbon di-



oxide and water. Casein and lactose
were converted into cell tissue in a
similar manner, but at a slightly lower
rate. The results are compared with
the results of previous studies of baec-
terial growth processes and of the
metabolism of activated sludge.
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